single ChIP-seq peak to ensure that the derived smoothing weights represents the real tag distribution at binding sites.
Evaluation of other motif discovery algorithms
In general, parameters with default values were used for the algorithms we evaluated. To improve the performance of MatrixREDUCE, an equal number of background sequences which are 500 bp upstream of the input sequences in ChIP-seq binding regions were also provided as the input. No gap and no flank nucleotides were allowed. For MEME, -mod zoops and -revcomp were specified. ChIPMunk was run under the peak model and the ZOOPS mode. For Weeder and MEME, the performance of prediction decreases as the length of the input sequences increases. For this reason, a 200-bp detection region is generally recommended for Weeder, MEME and DREME (34) (35) . We found, similarly, that the performance of MatrixREDUCE dropped when the detection window was enlarged to 1 kb (data not shown). Therefore, when running Weeder, MEME, DREME, and MatrixREDUCE, only the central 200-bp window of the 1-kb binding regions was used for motif discovery. For Weeder, MEME, and DREME, the input sequences were hard-masked for repeats using RepeatMasker (Smit, A.F.A., Hubley, R. and Green, P. RepeatMasker at http://repeatmasker.org), since that is the recommended procedure when using these algorithms. TherMos, MatrixREDUCE and ChIPMunk were run on unmasked sequence.
Experimental validation by Electrophoretic Mobility Shift Assays (EMSA)

Cloning of Esrrb/DBD Proteins
The DNA binding domain (DBD) of Esrrb was PCR-amplified from a mouse cDNA Purified PCR products were cloned into the pDONR221 vector (Invitrogen) by employing the GATEWAY BP technology to obtain the entry clone pENTR-Esrrb/DBD, spanning amino acid residues 96-194 of the full length Esrrb protein, which corresponds to the Esrr2 NMR construct 1LO1 except for C163A point mutation. Expression plasmids were generated using the GATEWAY LR cloning (Invitrogen) to obtain a pDEST-HisMBP-Esrrb/DBD construct encoding an N-terminal HisMBP tag. S column (GE Healthcare) and eluted with a linear NaCl gradient. Fractions containing the EsrrbDBD proteins were pooled and desalted into a buffer containg 10mM Tris-HCl pH 8.0, 100mM NaCl., 2mM TCEP (tris(2-carboxyethyl)phosphine) using PD-10 Desalting Columns (GE Healthcare). The protein was then concentrated using Vivascience 3000 MWCO concentrators (Sartorius) and stored at − 80 °C.
Purification of HisMBP-Esrrb/DBD Proteins
Production of recombinant Klf4 protein
The DNA binding domain of mouse Klf4 (amino acids 398-483) was PCR amplified and cloned using the GATEWAY technology (Invitrogen), expressed in Escherichia coli BL21(DE3) cells with a cleavable N-terminal NusA-His6 tag and purified to homogeneity using procedures described elsewhere (36) . The protein was quantified by measuring the absorbance at 280nm, frozen in liquid N2 and stored in aliquots at -80°C until usage.
Repeated freeze-thaw cycles were avoided.
EMSA for Esrrb and Klf4
EMSA studies were performed as reported previously (37) protein in a reaction buffer containing 2mM β-mercaptoethanol, 10mM Tris-HCl pH 8.0, 100mM KCl, 50μM ZnCl2, 2mM MgCl2 10%Glycerol, 0.1%NP-40 and 0.1mg/mL BSA (New England Biolabs). In the absence of the unlabeled dsDNA competitor, the reactions were first incubated for 1 hour on ice and were further incubated for another 30mins after the addition of the competitor. The reactions were then electrophoresed at 4˚C in the dark on a pre-run tris-glycine (TG) 12% native polyacrylamide gel at 200V for 30mins using 1X TG running buffer. The gel was imaged using a Typhoon 9140 PhosphorImager (GE Healthcare) and bound and unbound samples were quantified using the ImageQuant TL software (GE Healthcare).
For single mutation competition assays a master mix containing the 15bp dsCy5-labeled Klf4 element (5'-CATAGGGTGTGGTCA -3') derived from the control region downstream of the Uck2 gene and the Klf4 protein was mixed with an excess of unlabeled dsDNA competitor. Final concentrations were 1nM cy5-labeled DNA, either 10nM, 500nM or 1000nM competitor DNA and 10nM protein in a reaction buffer containing 2mM β-mercaptoethanol, 10mM Tris-HCl pH 8.0, 100mM KCl, 50μM ZnCl2, 2mM MgCl2 10%Glycerol, 0.1%NP-40 and 0.1mg/mL BSA (New England Biolabs). The reactions were incubated for 1 hour on ice and electrophoresed at 4˚C in the dark on a pre-run tris-glycine (TG) 12% native polyacrylamide gel at 200V for one hour using 1X TG running buffer. The gel was imaged using a Typhoon 9140 PhosphorImager (GE Healthcare) and bound and unbound samples were quantified using the ImageQuant TL software (GE Healthcare). For multiple mutation competition assays, a master mix containing the 14bp dsCy5-labeled Klf4 element (5'-AGAGGGCGTATTCAG-3') and the Klf4 protein was mixed with an either 10-fold or 30-fold excess of unlabeled dsDNA competitor.
Comparison of PSEMs in Euclidean distance
For an n-mer sequence, the Euclidean distance can be calculated as 
